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Abstract 
Hydrogenated intrinsic amorphous silicon ((i) a-Si:H) can be grown by plasma-enhanced chemical vapor deposition with a 
non-columnar or columnar morphology. Nuclear resonant reaction analysis and corresponding effective stopping cross section 
analysis indicate a dependency of hydrogen effusion on the morphology of the (i) a-Si:H layer as well as the doping type and 
concentration of the c-Si wafer. The doping type of the c-Si wafer also affects the growth of the amorphous network. It is found 
that for moderately doped p-type c-Si a non-columnar (i) a-Si:H layer yields a significantly better and more stable passivation 
already during thermal anneal and illumination, while for passivating n-type c-Si a columnar layer is recommended. Passivating 
lowly doped c-Si by (i) a-Si:H is not dependent on morphology. Combining different (i) a-Si:H morphologies to a multi-layer 
stack improves the quality of surface passivation. Hydrogen embedded in a well passivating but hydrogen-permeable columnar 
layer supports good surface passivation when covered by a non-columnar layer, featuring a fast growing layer acting as a 
hydrogen barrier and enhancing surface passivation quality. 
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1. Introduction 
Plasma-enhanced chemical vapour deposition (PECVD) of (i) a-Si:H on c-Si provides excellent surface 
passivation [1, 2, 3]. The silane/argon (SiH4/Ar) ratio during deposition leads to columnar or non-columnar growth 
of the (i) a-Si:H layer [1, 2, 4-6]. For the non-columnar structure a fast growing layer (FGL) during early deposition 
was reported [2, 7, 8]. Nuclear resonant reaction analysis (NRRA) has shown that changes in hydrogen distribution 
during thermal treatment are related to the (i) a-Si:H morphology [2]. An enhanced effusion of hydrogen out of a 
columnar layer compared to a non-columnar one was observed [2]. 
Up to now, there exists no detailed analysis of differently doped c-Si surfaces passivated by (i) a-Si:H layers of 
varying morphologies. Furthermore, the application of a non-columnar layer providing a fast growing layer (FGL) 
as hydrogen effusion barrier on top of a columnar layer enhancing passivation quality has not yet been investigated. 
2. Sample preparation and experimental conditions 
The here investigated (i) a-Si:H layers are PECV-deposited using a PlasmaLab 100 direct plasma reactor from 
Oxford Instruments. While an (i) a-Si:H deposition using only silane results in a non-columnar morphology of the 
layer, a SiH4/Ar mixture yields a columnar growth of the amorphous network. More information and details on 
deposition parameters are given in [2]. For the experiments phosphorous as well as boron doped chemically polished 
float-zone (FZ) silicon wafers (c-Si) are used (n-type: 1 ȍFP  μm); 5 ȍFP DQG 200 ȍFP  μm); 
p-type: 1 ȍFPDQG ȍFP μm); all wafers <100> oriented). Native oxide at the surface of the c-Si wafers is 
chemically removed in diluted hydrogen fluoride (HF) directly before PECV-deposition [2]. Several (i) a-Si:H 
layers of different morphology are prepared by PECVD (single layers as well as multi-layer stacks). Multi-layer 
stacks provide a columnar layer at the (i) a-Si-H/c-Si interface which is covered by a non-columnar layer. 
As there exists no method for a direct investigation of the morphology of an (i) a-Si:H layer, the morphology is 
studied by indirect methods like scanning electron microscopy (SEM) investigations of thick (i) a-Si:H (> 5 μm) 
deposited over trenches using a Zeiss Neon 40 SEM [9]. As mentioned in [2] the Si-Hx bonding structure of an 
(i) a-Si:H layer also allows to draw conclusions on the morphology of the amorphous layer. Such investigations are 
carried out by Fourier transformed infrared (FTIR) spectroscopy using a Bruker Vertex 80 spectrometer [2].  
The passivation of the (i) a-Si:H layers is activated during 4 min of thermal treatment on a hotplate in ambient 
air. The non-columnar layers are activated at 300°C [7] and the columnar ones at 200°C [4]. 
Samples were afterwards further annealed in ambient air and on a hotplate at 200°C in the dark (morphology 
independent) [2, 4] or illuminated by a halogen lamp in ambient air at an illumination level of 1 sun (100 mW/cm²) 
at 50°C [10]. Changes in the effective stopping cross section (scseff) of the (i) a-Si:H are investigated by nuclear 
resonant reaction analysis (NRRA) [11-14].  
In addition, the evolution of the passivation quality is investigated by changes in the effective minority carrier 
lifetime (Weff) measured by quasi steady state photoconductance using a WCT 120 from Sinton Instruments [1-4, 15]. 
To compare the passivation quality of differently doped samples, the Weff related surface recombination velocity 
(SRV: Seff) is calculated and compared during thermal treatment as well as illumination [3, 7, 16]. 
3. Morphology of amorphous silicon 
The morphology of an (i) a-Si layer can be influenced by the deposition parameters. Depositing pure silane 
(SiH4) leads to a non-columnar, random growth of the amorphous network. Supplementary argon yields a columnar, 
chain-like growth by increasing the sticking factor of the process gas mixture [1, 2, 4 ,6].  
Vacancies arising during deposition mainly affect the quality of (i) a-Si:H films by supporting dangling bonds. 
According to Ref. [2, 4 ,6] the type of vacancy also depends on the morphology of the a-Si layer. An amorphous 
non-columnar network contains mainly single voids. In contrast, a columnar growth of the a-Si layer supports the 
formation of aligned vacancies, so called microvoids [6] (Fig. 1, b and c).  
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Fig. 1. Illustrations of the non-columnar (b) and columnar a-Si structure (c) and specific vacancies as well as SEM investigations of (i) a-Si:H 
layers PECV-deposited in trenches of the substrate visualizing morphological differences. (a and d) FTIR-spectroscopical analyses of the Si-Hx 
bonding structure of a non-columnar (a) and a columnar (d) layer. (a-b): Properties of a non-columnar (i) a-Si:H layer; (a): low Si-H2 content,  
(b): high surface conformity. (c-d): Properties of a columnar (i) a-Si:H layer; (c): low surface conformity, (d): high Si-H2 content. 
Because of the amorphous structure, it is not easy to use the contrast of high resolution transmission electron 
microscopes to investigate such sub-nanoscopic structures. Therefore, indirect methods have to be used to classify 
the morphology of an a-Si layer. One indicator is the Si-H2 bond structure [2, 6]. In Fig. 1 (a) and (d) FTIR spectra 
of a non-columnar (a) and a columnar (d) PECV-deposited (i) a-Si:H layer are shown. A low Si-H2 content indicates 
non-columnar a-Si:H (Fig. 1, a), whereas a comparatively high Si-H2 content is linked to columnar a-Si:H 
(Fig. 1, d).  
Analysis of (i) a-Si:H covering trenches in the substrate provides additional information. Due to Ar included 
while depositing a columnar a-Si:H layer, the surface mobility of Si atoms decreases and atoms attach faster to the 
growing layer at their final positions [1]. This leads to a higher growth rate but also to a lower surface conformity of 
a columnar layer compared to a non-columnar one [2]. Fig. 1 (b) and (c) show such trench analyses of a 
non-columnar (b) and a columnar (i) a-Si:H layer (c) covering 80 μm wide and deep trenches in a c-Si surface. The 
aforementioned differences in surface conformity are shown in the SEM images. While the non-columnar (i) a-Si:H 
layer deviates < 1 μm from the vertical (yellow line in Fig. 1, b), the deviation from the vertical of the columnar 
layer is ~2.0 μm (Fig. 1, c).  
Further investigations of non-columnar (i) a-Si:H layers deposited using the same setup and parameters as in this 
study have shown that a so called fast growing layer (FGL) forms at the (i) a-Si:H/c-Si interface [7, 8]. Analysis of 
hydrogen depth profiles measured by NRRA before and after thermal treatment (100 h at 200°C) indicates that there 
is hardly any effusion of hydrogen out of the FGL and only little effusion out of the non-columnar layer itself 
(~0.3%) [2]. Comparative NRRA investigations have indicated that the hydrogen effusion out of a columnar 
(i) a-Si:H layer is higher at ~0.9%.  
4. Nuclear resonant reaction analysis 
NRRA [2, 11-14] not only provides information about the hydrogen distribution in a layer, but is also able to 
determine the effective stopping cross section (scseff) [14]. scseff permits direct comparison of samples with unknown 
hydrogen content in a known standard (so called matrix). This density-independent method is well suited to 
investigate (i) a-Si:H of different morphologies. scseff (eq. 1) is calculated by weighing the measured hydrogen 
content (NH) with scs of hydrogen (scsH = 60.9·10-15 eV/(at./cm²)) and compare it with the scs of the matrix 
(i.e. c-Si) (scsM = 279·10-15 eV/(at./cm²)) [17]. Assuming hydrogen and the matrix are the only atoms in the layer, 
NM can be calculated as NM = 1-(NMSi/NH) with the atomic density of silicon NMSi § 5·1022 at./cm3 [14, 18]. 
scseff  = NH · scsH + NM · scsM (1) 
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Fig. 2. 40 nm thin (i) a-Si:H layers PECV-deposited to different morphologies on 1 ȍFPDQG200 ȍFPQ- and p-type c-Si and NRR-analyzed. 
Displayed are the calculated effective stopping cross sections (scseff) of as-deposited, thermally annealed and illuminated samples. 
For comparison, scseff of the German national (i) a-Si:H standard with a hydrogen content of ~12% is 
scseff = 252·10-15  eV/(at./cm²) as given in [19]. 
While layers lose hydrogen during thermal treatment [1, 2], it can be assumed that the amount of Si atoms 
remains constant. Therefore, NM is kept constant at the value of the as deposited state for determination of scseff of 
annealed samples.  
Fig. 2 shows scseff for 40 nm thin as deposited and not activated, activated and thermally annealed (100 h) and 
activated and illuminated (21 d) samples of different morphologies deposited on differently doped c-Si (1 ȍcm and 
200 ȍcm, n- and p-type). Filled marks represent 1 ȍcm c-Si samples and unfilled marks represent 200 ȍcm c-Si 
samples. ( , , , ) represent non-columnar (i) a-Si:H layers, while ( , , , ) represent columnar (i) a-Si:H 
layers. 
As can be seen in Fig. 1 (a), scseff of all layers is lower than scsM of pure c-Si and slightly lower than the 
mentioned German national (i) a-Si:H standard [19]. Non-columnar (i) a-Si:H layers ( , , , ) show lower scseff 
values compared to columnar layers ( , , , ) especially for as deposited ( ) samples. In more detail, the scseff 
values of non-columnar (i) a-Si:H layers deposited on n-type ( , ) are slightly lower than for p-type c-Si ( , ), 
ǻ(scseff) § 1·10-15  eV/(at./cm²). The obvious high difference in scseff of ǻ(scseff) § 3·10-15  eV/(at./cm²) between the 
columnar (i) a-Si:H layers deposited on n-type c-Si ( , ) and those layers deposited on p-type c-Si ( , ) indicates 
a different growth mechanism of the amorphous network. These structural differences might be more distinctive in 
the columnar (i) a-Si:H layers compared to the non-columnar ones. 
In addition, scseff of columnar layers deposited on p-type c-Si ( , ) show a larger decrease in scseff during 
thermal annealing ( ) than those deposited on n-type c-Si ( , ). This might be due to a faster diffusion of 
hydrogen in moderately doped p-type FZ c-Si compared to moderately doped n-type FZ c-Si [1, 6, 20].  
In case of illumination ( ), scseff decreases far less compared to thermal annealing. But the previously 
described trends of the scseff values during thermal treatment persist during illumination. 
5. Morphology dependent passivation 
Investigating scseff leads to the hypothesis that passivation qualitiy of (i) a-Si:H layers depends on layer 
morphology as well as doping type and doping level of the c-Si wafer.  
Gerke et al. have shown that the passivation quality of a non-columnar (i) a-Si:H layer deposited on 5 ȍcm 
n-type c-Si remains stable during thermal treatment at 200°C [2]. It was further shown that the passivation quality of 
a columnar (i) a-Si:H layer also deposited on 5 ȍcm n-type c-Si decreases during analogous thermal treatment 
[2, 4]. This significant difference is related to the above mentioned fast growing layer at the (i) a-Si:H/c-Si interface 
of a non-columnar layer, as the FGL prevents hydrogen effusion whereby the stability of the passivation quality 
increases [2, 7]. 
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Fig. 3. 40 nm thin (i) a-Si:H layers PECV-deposited to different morphologies on 1 ȍFPn- and p-type c-Si. Evolution of Seff during thermal 
annealing (a) of 100 h at 200°C, and illumination (c) for 3 weeks at 1 sun and 50°C. Lines are guides to the eye. (b): Seff values determined after 
deposition and after thermal activation prior to thermal annealing or illumination. 
5.1. Passivating moderately doped c-Si 
Fig. 3 (a) shows the evolution of Seff comparing non-columnar and columnar (i) a-Si:H layers deposited on 
1 ȍcm n- and p-type c-Si during 100 h of thermal treatment at 200°C. All (i) a-Si:H layers confirm the previously 
mentioned published trends regardless of the kind of c-Si doping type. 
Fig. 3 (b) and (c) show the behavior of Seff during illumination up to 504 h (3 weeks) (c) and the values of Seff 
directly after deposition and after a 4 min thermal activation step (b). As can be seen in Fig. 3 (b), passivation 
quality of all layers increases during the activation step. The evolution of Seff during thermal treatment (Fig. 3, a) 
shows that Seff for c-Si passivated with columnar (i) a-Si:H ( , ) decreases between activation and the first hour of 
annealing. 
Starting at one hour of thermal treatment Seff, of the columnar (i) a-Si:H samples differ significantly by about 
15 cm/s ,  during annealing. In more detail, while Seff of the n-type sample  increases from 4 to 18 cm/s, Seff of 
the p-type sample  increases from 19 to 33 cm/s. In contrast, the non-columnar layers ,  passivate p- as well as 
n-type c-Si on the same level of 10 to 15 cm/s and passivation quality remains stable after the activation step over 
the whole range of annealing durations.  
Effects like photo-induced curing [21] and different mobility of charged hydrogen [1, 20-22] may make Seff in 
case of illuminated annealing of activated (i) a-Si:H samples dependent on the c-Si doping type, Fig. 3 (c). Seff of 
n-type c-Si ,  shows values independent of (i) a-Si:H morphology. In contrast, Seff of p-type c-Si ,  varies 
much more. During illumination Seff of  (p-type c-Si, passivated with columnar (i) a-Si:H) saturates on a stable 
level at 24 cm/s. The reason for the strong increase in Seff for the p-type c-Si with non-columnar layers  from 
12 to 19 cm/s might be a Staebler-Wronski-like degradation [1, 23, 24]. But such degradation cannot be determined 
for any other sample type. However, it cannot be excluded that degradation occurs for longer annealing [10] or 
higher illumination densities [25]. 
5.2. Passivating lowly doped c-Si 
Additional evaluations of Seff of non-columnar and columnar (i) a-Si:H layers PECV-deposited on 200 ȍcm 
n- and p-type c-Si are given in Fig. 4. Comparing the evolution of Seff during thermal treatment of 1 ȍcm (Fig. 3, a) 
and 200 ȍcm (Fig. 4, a), the behavior of Seff is partial quite different. Starting with the similarities it can be seen in 
Fig. 3 as well as in Fig. 4 that after the activation step Seff of the columnar (i) a-Si:H samples first decreases, but 
increases during thermal treatment. This further improvement of passivation quality of the columnar (i) a-Si:H 
layers after the activation step of columnar (i) a-Si:H layers deposited on 1 ȍcm and 200 ȍcm is different to layers 
deposited on 5 ȍcm, see section 6 and Ref. [8]. 
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Fig. 4. 40 nm thin (i) a-Si:H layers PECV-deposited to different morphologies on 200 ȍFPn- and p-type c-Si. Evolution of Seff during thermal 
annealing (a) of 100 h at 200°C, and illumination (c) for 3 weeks at 1 sun and 50°C. Lines are guides to the eye. (b): Seff values determined after 
deposition and after thermal activation. 
As can be seen in Fig. 4 (a), Seff of all layers increases continuously during the observed duration of thermal 
treatment of 100 h regardless of the kind of c-Si doping type. This behavior differs from the observed trends of Seff 
of 1 ȍcm samples during annealing discussed in section 5.1 (Fig. 3, a). 
In contrast, the evolution of Seff during illumination (Fig. 4, c) is similar to the evolution of the observed 1 ȍcm 
samples (Fig. 3, c). There is a clear distinction between Seff of p-type samples ( , ) and n-type samples ( , ). 
With focus on the p-type samples ,  the non-columnar (i) a-Si sample ( ) is outstanding. After activation 
(Seff = 0.19 cm/s) Seff increases rapidly during 96 h (4 d) of illumination to Seff = 0.8 cm/s. During further 
illumination, Seff of p-type c-Si ,  show stable and (i) a-Si:H morphology-independent values. Seff of n-type c-Si  
,  is nearly identical after activation. Seff of both (i) a-Si:H layers slightly increases during illumination, while the 
columnar layer  decreases at first before showing a stable offset of ~0.1 cm/s to .   
Apart from the non-columnar (i) a-Si:H, p-type c-Si sample ( ), a Staebler-Wronski-like degradation cannot be 
determined for the illuminated 200 ȍcm samples. This correlates to the previously discussed evolution of 1 ȍcm 
c-Si samples (Fig. 3, a). 
6. Multi-layer stack 
Combining the benefits of a non-columnar layer including a FGL and a columnar one, layer stacks of a 
non-columnar on top of a columnar (i) a-Si:H layer are prepared, see Fig. 5 (c). The passivated 5 ȍFP, n-type c-Si 
undergoes the same activation as used for the columnar single layer and thermal treatment as well as illumination as 
described in section 2, because the (i) a-Si:H at the (i) a-Si:H/c-Si interface of the stack is also columnar (Fig. 5, c).  
6.1. Hydrogen distribution 
Fig. 5 (a) shows the changes in hydrogen distribution measured by NRRA [2, 11-13] of an (i) a-Si:H multi-layer 
stack of 100 nm total thickness before ( ) and after ( ) thermal annealing (100 h at 200°C).  
Loss in hydrogen near the (i) a-Si:H/c-Si interface as well as near the surface is observable, as is the 
functionality of a FGL as hydrogen barrier or drain layer. As can be seen, hydrogen diffused away from the 
(i) a-Si/c-Si interface to accumulate in the FGL as hydrogen from the non-columnar layer does (Fig. 5, a). It can be 
estimated that the non-columnar (i) a-Si:H layer mainly loses hydrogen to the ambient at the sample surface, 
whereas hydrogen effusing from the columnar layer accumulates in the FGL or rather in front of it. In absolute 
numbers, only <0.5%abs of hydrogen effuses out of the multi-layer stack during thermal treatment compared to 
~1%abs for a columnar single layer [2]. With respect to the hydrogen depth profile measured after thermal treatment 
( ), the maximum hydrogen content of the FGL saturates at 19.4%.   
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Fig. 5. (a): NRRA hydrogen concentration profiles of a 100 nm PECV-deposited (i) a-Si:H multi-layer stack of different morphologies 
measured directly after deposition and after thermal annealing. (b): Evolution of Seff of 40 nm thin non-columnar and columnar single layers 
compared to a 40 nm thin multi-layer stack during thermal. Lines are guides to the eye. (c): Schematic of the multi-layer stack. 
6.2. Passivation quality 
Seff values of all samples are equal within measurement accuracy after the activation step to those after 1 h of 
thermal treatment shown in Fig. 5 (b). The investigated 40 nm non-columnar single layer ( ) passivates the 5 ȍFP 
c-Si as mentioned in section 5 for medium doped c-Si and passivation quality remains stable during thermal 
treatment (Fig. 5, b). Seff of a 40 nm multi-layer stack ( ) develops like a comparable columnar single layer ( ) and 
increases during thermal treatment. The stack system provides a higher passivation quality of Seff, for the first ~90 h 
of thermal treatment.  
In more detail, Seff of the columnar (i) a-Si:H layer ( ) remains stable at ~3.4 cm/s during the first 4 h of thermal 
treatment before increasing to Seff = 11.4 cm/s after 100 h. In comparison, Seff of the multi-layer stack ( ) remains 
stable at a lower level of ~2 cm/s during the first 3 h of thermal treatment. As can be seen in Fig. 5 (b) there are 
three step-like increases of Seff between 3-4 h, 5-6 h and 9-10 h before Seff remains relatively stable at ~4 cm/s until 
30 h of thermal treatment. Between 30-50 h Seff of the multi-layer stack  lightly increases to 5 cm/s before 
passivation quality decreases rapidly to 13.4 cm within the next 50 h. 
Moreover, illumination does not show any further influence compared to the investigations discussed in 
section 5, neither to the single layers nor to the multi-layer stack (not shown). Seff of a multi-layer stack behaves as 
Seff of a columnar single layer during illumination and remains stable on the respective activation level. 
7. Conclusions 
Hydrogen content and scseff as well as passivation quality of PECV-deposited (i) a-Si:H layers are influenced by 
the layer morphology and the c-Si base doping. The c-Si base doping also affects the growth of the respective 
(i) a-Si:H network and hereby the passivation quality of the layer. For passivation of p-type c-Si a non-columnar 
layer and for passivation of n-type c-Si a columnar layer can be recommended. Due to less hydrogen effusion, 
passivation using an (i) a-Si:H multi-layer stack composed of a first columnar and second non-columnar layer offers 
higher passivation quality comparable to a columnar single layer. The columnar layer at the (i) a-Si:H/c-Si interface 
supports good surface passivation while being covered by a non-columnar layer, featuring a fast growing layer 
which acts as hydrogen barrier layer. 
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